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Statement of the problem studied

Many organ systems exhibit oscillatory (cyclic) behavior. The period of the oscillations can be long
(menstrual cycling, diurnal temperature variation); intermediate (glucose concentration have long
[90 min] and short [3-7 min] oscillations; and short (respiratory and cardiac cycling). Organ systems
are coupled with one another via mechanical, neural and other mechanisms. Thus, the organism as
a whole and respiratory and cardiovascular systems in particular can be conceptually viewed as
nested systems of coupled oscillators. From this perspective, a support device (here, the
mechanical ventilator) acts as an external driving force on a biological oscillator (here, the lungs
driven by the ventilator musculature). Since the lungs are coupled to other organ systems (e.g.
heart and vessels), it might be expected that mechanical ventilation propagates its effects beyond

the lungs to other organ systems and thereby modifies their dynamics.

Detecting the presence and strength of the influence of one organ’s cycling upon others is
technically challenging. Biological oscillators are noisy and their couplings are typically nonlinear.
Moreover, it is important from both a clinical and a biophysical standpoint to ask how external
forcing of one of the oscillators changes the dynamics of other “oscillators” (organs) and the
interactions (e.g. synchronization) among them. We have obtained preliminary results on the effect
of the mechanical ventilation on cardiovascular dynamics and on cardiorespiratory synchronization.
The focus of this initial study was the simplest case of a driving force - mechanical ventilation with

constant frequency and amplitude.

The lungs and the cardiovascular systems are known to be coupled by several mechanisms that
promote modulation and synchronization. For example, parasympathetic (vagal) influences cause
the heart to beat faster during spontaneous inspiration and slower during exhalation. This
phenomenon, which is called the respiratory sinus arrhythmia (RSA), is thought beneficial for
pulmonary gas exchange and circulatory efficiency . From the point of view of physical theory of

oscillation, RSA can be viewed as a frequency modulation of ECG by respiration. RSA is held



responsible for high frequency (0.15-0.4 Hz) peak in the heart rate power spectra. In addition to
such modulations, another type of coupling has been recently described, namely the
synchronization (locking) between instantaneous frequencies and phases of respiration and
heartbeats. A reciprocal influence (cardiac activity upon ventilatory dynamics) has also been
recently described. Cardioventilatory coupling (CVC) has been suggested as a regulatory
mechanism separate from the RSA. The contribution of CVC is currently debated, since there
appears to be near unidirectional interaction (i.e. lungs to heart) in human health after 6 months of
age. Regardless, there likely exists at least indirect and reciprocal coupling of cardiac activity upon

ventilatory performance.

Respiration can also modulate the vascular rhythms (e.g. oscillations of blood pressure or oxygen
saturation in capillaries). There exists frequency modulation (variability of the distance between
peaks in e.g. arterial blood pressure waveform) which is simply the consequence of the cardiac
frequency modulation (RSA). Another modulation relates to the pressure variation in the thoracic
cavity created by the respiratory chest motion. This variation causes baseline modulation of the
blood pressure oscillation which can be assessed via monitoring of the systolic and diastolic
pressure (maxima and minima of the blood pressure waveforms) variability. These two modulations
are independent. Therefore, ventilation can entrain the vascular rhythms even in the absence of
RSA or other cardiorespiratory coupling. The effect of ventilation on arterial pressure variations has
significance to clinicians: such arterial pressure variation has been proposed as an index of

adequate resuscitation.

Several methods have been proposed for assessment of the interdependences (e.g.
synchronization) between signals following analysis of both experimental and simulated data.
Three complementary approaches were employed: mutual coherence functions; phase

synchronization indices; and entropy measures.

Summary of the most important results

Our data suggest that mechanical ventilation has substantial effects on at least one other organ
system. These findings may be important in planning clinical strategies both to support the critically
ill patient as well as to liberate critically ill patients from those supports, since the data imply that
manipulation of ventilatory supports may propagate unanticipated and typically nonlinear effects to

other organ systems.



We observed that mechanical ventilation entrains cardiovascular rhythms and increase cardio-
respiratory synchronization. The resultant imposed dynamics of this multi-organ system is very
different from the spontaneous dynamics of the healthy organism. Studies of cardio-respiratory
synchronization in healthy young athletes demonstrated that “normal” synchronization lies between
total “order” (full synchronization) and total “disorder” (no synchronization): the system slowly
switches between regimes with different synchronization indices (n and m) through the periods of
no synchronization. In most patients in this preliminary study, we found two extreme regimes: no
synchronization during spontaneous respiration and full synchronization (“over-synchronization”)
during mechanical ventilation. Possible effects of such prolonged over-synchronization on the
functions of cardio-vascular-respiratory system are unknown. However, pathologic states have
been attributed to oversynchronization within organs including the heart (reentrant arrhythmias) and

brain (epilepsy can be defined as an abnormal synchronization in the brain).

Recently several studies, both theoretical and experimental have concluded that the noisy (or
fractal) ventilation improves lung function in critical illness. The results of our study suggest that,
due to coupling, biologically variable mechanical ventilation also may promote natural variability in
other organ dynamics (e.g. in heart rate) and in organ-organ interactions (e.g. variable cardio-
respiratory synchronization). This artificial “injection” of the variability may be beneficial for the
critically ill patients since the decreased variability is usually associated with pathological states

such as disease, including multiple organ dysfunction syndrome (MODS) and aging.

In this preliminary study we assessed the influence of mechanical ventilation of the lungs on the
heart rate during clinical critical care: the modulation was assessed by coherence, the
synchronization by phase dynamics, and irregularity by entropy. By comparing the results obtained
using these methods we conclude that phase synchronization indices are the most sensitive
measures cardio-respiratory interactions and they are most useful for discrimination between
different regimes of cardio-respiratory dynamics (synchronization). We also found that, in critically
ill patients, irregularity in respiration rate is not a (main) source of irregularity in heart rate. Finally,
we conclude that new measures and displays of synchronization in the ICU could be useful to

quantitatively assess interactions between organ systems.

Bibliography —N/A
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Abstract

Life support devices (e.g. heart pacemakers, ventilators, dialysis machines) are commonly thought to
affect mainly their target organ system. This preliminary study attempts to determine the extent to
which mechanical support of one organ system (lungs by mechanical ventilator) affects functions of
other systems (heart and blood vessels).

We studied changes in cardio-respiratory interactions and in dynamics of cardiovascular system during
scheduled transitions (spontaneous breathing trials, SBT) between mechanical and spontaneous
ventilation in critically ill patients. This initial study population consisted of 13 patients admitted to a
surgical intensive care unit (ICU) following surgery, trauma or complications who were judged
candidates for liberation from the ventilator. We collected continuous respiratory, cardiac (ECG), and
perfusion (blood pressure and pulse oximetry) signals of mechanically ventilated patients before,
during and after SBT. The data were analyzed using spectral analysis, phase dynamics and entropy
measures.

We found that the mechanical ventilation not only drives lung dynamics but also affects the dynamics
of cardiac and vascular systems. Spontaneous cardiovascular rhythms are entrained by the mechanical
ventilator and are drawn into synchrony. Sudden interruption of mechanical ventilation typically leads
to rapid desynchronization. This synchronization is restored upon reinstitution of mechanical
ventilation.

The initial data suggest that therapies intended to support one organ system may propagate
unanticipated effects to other organ systems. Moreover, sustained therapies may disturb mechanisms
that promote natural synchronization and variability and thereby adversely affect recovery of normal
organ system interactions. We suggest that new measures and displays of synchronization not only
could provide insight into the organ-organ coupling but also could yield information to optimize the

function of devices used to support the critically ill patient.



Introduction

Many organ systems exhibit oscillatory (cyclic) behavior. The period of the oscillations can be
long (menstrual cycling, diurnal temperature variation); intermediate (glucose concentration have long
[90 min] and short [3-7 min] oscillations; and short (respiratory and cardiac cycling). Organ systems
are coupled with one another via mechanical, neural and other mechanisms. Thus, the organism as a
whole (see [1] and references therein) - and respiratory and cardiovascular systems in particular (see
e.g. [2]) - can be conceptually viewed as nested systems of coupled oscillators. From this perspective, a
support device (here, the mechanical ventilator) acts as an external driving force on a biological
oscillator (here, the lungs driven by the ventilator musculature). Since the lungs are coupled to other
organ systems (e.g. heart and vessels), it might be expected that mechanical ventilation propagates its

effects beyond the lungs to other organ systems and thereby modifies their dynamics.

Detecting the presence and strength of the influence of one organ’s cycling upon others is
technically challenging. Biological oscillators are noisy and their couplings are typically nonlinear.
Moreover, it is important from both a clinical and a biophysical standpoint to ask how external forcing
of one of the oscillators changes the dynamics of other “oscillators” (organs) and the interactions (e.g.
synchronization) among them. Herein, we present preliminary results on the effect of the mechanical
ventilation on cardiovascular dynamics and on cardiorespiratory* synchronization. The focus of this
initial study is the simplest case of a driving force - mechanical ventilation with constant frequency and

amplitude. (see Methods).

The lungs and the cardiovascular systems are known to be coupled by several mechanisms that

promote modulation and synchronization. For example, parasympathetic (vagal) influences cause the

L In this paper, “ventilatory” and “respiratory” are taken to be synonomous. Although respiration technically refers to
cellular processes involving oxidative phosphorylation and electron transport, historical terms such as “respiratory sinus
arrhythmia” persist in common usage.



heart to beat faster during spontaneous inspiration and slower during exhalation. This phenomenon,
which is called the respiratory sinus arrhythmia (RSA) [3], is thought beneficial for pulmonary gas
exchange and circulatory efficiency [4]. From the point of view of physical theory of oscillation, RSA
can be viewed as a frequency modulation of ECG by respiration. RSA is held responsible for high
frequency (0.15-0.4 Hz) peak in the heart rate power spectra [5]. In addition to such modulations,
another type of coupling has been recently described, namely the synchronization (locking) between
instantaneous frequencies and phases of respiration and heartbeats [6,7]. A reciprocal influence
(cardiac activity upon ventilatory dynamics) has also been recently described. Cardioventilatory
coupling (CVC) has been suggested as a regulatory mechanism [8,9] separate from the RSA. The
contribution of CVC is currently debated, since there appears to be near unidirectional interaction (i.e.
lungs to heart) in human health after 6 months of age [10,11]. Regardless, there likely exists at least

indirect and reciprocal coupling of cardiac activity upon ventilatory performance.

Respiration can also modulate the vascular rhythms (e.g. oscillations of blood pressure or
oxygen saturation in capillaries). There exists frequency modulation (variability of the distance
between peaks in e.g. arterial blood pressure waveform) which is simply the consequence of the
cardiac frequency modulation (RSA). Another modulation relates to the pressure variation in the
thoracic cavity created by the respiratory chest motion. This variation causes baseline modulation of
the blood pressure oscillation which can be assessed via monitoring of the systolic and diastolic
pressure (maxima and minima of the blood pressure waveforms) variability. These two modulations
are independent. Therefore, ventilation can entrain the vascular rhythms even in the absence of RSA or
other cardiorespiratory coupling. The effect of ventilation on arterial pressure variations has
significance to clinicians: such arterial pressure variation has been proposed as an index of adequate

resuscitation.



Several methods have been proposed for assessment of the interdependences (e.g.
synchronization) between signals following analysis of both experimental and simulated data (for the
recent reviews see e.g. [12-14]). Three complementary approaches are used herein: mutual coherence

functions; phase synchronization indices; and entropy measures.

Methods

Patient Selection

This observational study exploits a standard clinical practice - the spontaneous breathing trial
(SBT). The SBT is a 30 minute period of spontaneous respiration preceded by and followed by
respiration driven by a mechanical ventilator. The SBT is used as a screening procedure in order to
assess the readiness of patients to be liberated from mechanical ventilatory support. The detailed
description of the SBT procedure is given elsewhere (Partnership for Excellence in Critical Care.
Multicenter Implementation of Evidence-Based Protocols: 1. Spontaneous Breathing Trials, in review
at Crit. Care Med.). We studied 30 minute time intervals bracketing the SBT, together with the SBT
time interval (Fig.1). This observational study was approved by the Washington University Human
Research Protections Organization (WU-HRPO).

During the SBT the patients in our study were supported with constant (5 mmHg) continuous
positive airway pressure (CPAP). Before and after the SBT, the patients were maintained on
assist/control (A/C), where the ventilator creates positive air pressure waves at a given minimum
frequency (usually 12 - 18 min™ or equivalently, 0.2-0.3 Hz) with tidal volume set between 6 and 8
mL/kg. In this mode, patients are also capable of initiating breaths that are mechanically assisted with

the full tidal volume.



The stated goal of this preliminary study is to investigate the transitions between mechanical
ventilation and spontaneous breathing. Therefore we used a convenience sample of 13 patients (coded
alphanumerically from POl to P13) whose breathing rate during mechanical ventilation in assist-
control mode was nearly constant at the set minimum frequency; whose breath volumes did not vary;
whose clinical data streams were free of artifact; and who tolerated a 30 minute spontaneous breathing
trial without adverse physiologic consequence. This selection allowed us to study the dynamics of
multi-organ oscillatory system (lungs, heart and blood vessels) under the influence of external periodic

driving force as well as transitions between periodically driven and free-running system.

Sedating drugs routinely prescribed to relieve patient anxiety were discontinued prior to the
data collection. All patients were awake and responsive to complex commands (“raise two fingers”)
prior to beginning the SBT. We did not have data for the patient P12 following the SBT because he
was extubated (disconnected from the ventilator) immediately after the SBT. The demographic data of
all 13 patients are presented in Table 1. The diverse group consists of 7 males and 6 females with age

range from 17 to 80 yr (46.08 + 19.96 yr).

Data Collection

We used Philips IntelliVue™ M70 bedside monitors and Ixellence TrendFace™ software
(http://www.ixellence.com) to continuously collect physiological waveforms, the duration of each of
the three time intervals (before, during and after SBT) was 30 minutes. For all patients we recorded
multi-channel ECG (at 500 Hz sampling frequency), end-tidal CO, (capnography) trace (at 62.5 Hz
sampling frequency) as a respiratory signal, and the oxygen saturation (SaO;) trace (at 125 Hz
sampling frequency). Where available, we also recorded arterial blood pressure (ABP) and central

venous pressure (CVP) traces (both at 125 Hz sampling rate). Within each 30 minute interval we



selected a 1000 sec (about 16.7 min) subinterval least contaminated by noise for further quantitative

analysis.

Spectral Analysis

Power spectral analysis is a way to analyze periodicities in physiological signals [5,15]. Owing
to the nonstationarity of the signals it is preferred to use a time-frequency representation in order to
observe the frequencies of a signal and their change with time. Herein, we use a short-time Fourier
transform (spectrogram) [16]. Using the spectral analysis of two signals (heart rate and respiration), we
computed mutual coherence, which is a method of estimating the degree of the linear relationship

between the signals:

2
Chean,resp (f)= ‘PhEart,reSp (f )‘

- Pheart ( f ) I:)resp ( f ) (1)

Pei(f)and P (f) are the power spectral densities (psd) of the heart rate and respiratory signals

esp

respectively and P, (f) is cross-psd of the two signals. Mutual coherence ranges from zero (no

eart,resp
coherence, two processes are linearly independent) to one (full coherence, two processes are linearly
interrelated). We use here the value of the mutual coherence at the main respiratory frequency as a

quantitative frequency-independent synchronization coefficient:
Ch,r = Cheart,resp( fresp) (2)

The main respiratory frequency was defined as the frequency at which psd of the respiratory signal
reaches its maximum. In almost all the cases the value (2) was also the maximum of the mutual
coherence.

Prior to computation of power spectra and mutual coherence, all signals were re-sampled at the
frequency of 4 Hz. Spectrograms and mutual coherences were calculated using Welch’s averaged

periodogram method [16].



Instantaneous Phase and Frequency Synchronization

In the case of weak coupling of two or more oscillatory processes, their phases can be
synchronized (locked) while their amplitudes may be completely uncorrelated [17]. Relative phase
dynamics also can capture nonlinear interactions between the systems under investigation. Thus study
of phase dynamics can reveal synchronization even when it is undetectable using linear spectroscopic
techniques (as in the prior section). In this section, we describe methods we used to extract phase
dynamics from ECG and respiratory signals and to quantify the degree of phase synchronization

between heart and lung “oscillators”.

Phase

The most formal way of obtaining phase dynamics ¢(t) from a signal dynamics x(t) is to

perform Hilbert Transform of the signal (see [17,18]):
%@ =2Pv. [ XD g 3)
T t-T

(here P.V. means that the integral is taken in the sense of the Cauchy principal value) and construct the

analytical signal:
g(t) = x(t) +ix,, (t) = A(t) exp(ip(t)) (4)

This gives the Hilbert phase:

_ X, (®)
o(t) _arctan( o0 ] ®)

and instantaneous frequency:

do(t)

f(t)= T (6)



An alternate and simpler approach is based on Poincare section [6,17]. Practically, we collected all
time moments t, when a signal crosses some threshold level in one direction (e.g. from below to

above) and then attributed a phase increase of 2z (one cycle) to each crossing point (see also [19]).

This simpler method is illustrated in Fig.2 for ECG and capnography signals. For ECG signal Poincare
section method is reduced to finding times of R peaks on electrocardiogram and then attributing them
to t,. Then we used piecewise linear interpolation to define instantaneous phases for ECG and

respiration over whole time interval:

t-t peart heart heart
¢heart (t) = 2 T heart : heart + 2 T n tn S t < tn+l (7)
n+l "~ *n
t—tresp
— resp resp
Presp (1) =2 7Z'—t e e T 27N toP <t<t ] (8)
n+l ~ n

The instantaneous frequency was defined as

fo=1/(t,,-t) 9)

and set constant within one cycle. We selected this definition of the instantaneous frequency over the
formal definition (6) since the Hilbert Transform can result not only in large fluctuations but even in
negative values of frequency [20]. Moreover, the frequency definition (9) is more consistent with the
physiological and clinical definitions of heart (or respiration) rate as inverse beat-to-beat (breath-to-

breath) interval.

Phase Synchronization

Phase synchronization is usually defined [20] as locking (or entrainment) of two phases such

that the generalized phase difference

Pnm (t) = NPpeart (t) - m(oresp (t) (10)



(where m and n are integers) remains constant. In practice, due to the external or the internal “noise”,
the phase difference (10) fluctuates around some constant value. We therefore use the following

condition as the definition of (n:m) phase synchronization:

INPreare (1) =Mooy (1) = 5| < £ (11)

where the amplitude of fluctuations, &, must be less than 2z. Fluctuations (e.g. extra heartbeats per
respiratory cycle) can also cause so-called “phase slips” i.e. a rapid jump of ¢, by 27k resulting

in a physically equivalent state (due to cyclic 2z periodicity of the phase). Thus in the presence of

noise, the condition (11) may be valid only “piecewise”.

One way to visually detect the phase synchronization is to use the *“stroboscopic” approach,
namely to observe a phase of a “slower” signal (in this case, respiration) at times when the cyclic phase
of the “fast” signal (ECG) reaches a certain fixed value, e.g. 0 or 2 (that is, at the time of R peak in
the ECG, according to the phase definition (7)). The sequence of such observations (values of phase of

respiration at times of R peaks in ECG) is termed the “synchrogram” [20]:

1 eal
Vo ®) = 5| (") mod 277m] (12)

When plotted as a function of time, the synchrogram shows how many of heartbeats accrue
during m respiratory cycles. Horizontal strips on the synchrogram indicate n:m synchronization (where

n is the number of strips) namely constant number of n heartbeats per m respiratory cycles [6].

Synchronization Indices

Several indices have been proposed to quantitatively measure phase synchronization [20]. We

employed two that are based on the analysis of cyclic generalized phase difference:

10



Yom(®) =0, (t)mod 2z (13)

The first index p, , is based on the Shannon entropy of the generalized phase difference distribution:

S S

— Pmax 14
Pam TS (14)

N
Where S = —z p, Inp, (the entropy of the histogram of ) and the maximum entropy is given by

k1
Smax = INN . N is the number of bins and p, is the probability of finding . within the k™ bin. The
optimal number of bins can be estimated as N =exp[0.626+0.4In(M —1)] where M is number of
samples [21].

The second index is the intensity of the first Fourier mode of the phase difference distribution:

Fam = JJ(EX0G 7,0 @) = {c08(, () + sy, 0 1) (15)

where the brackets denote the average over time. Both indices vary from 0 (no synchronization) to 1

(full synchronization).

For periodic oscillators the condition of phase locking (10) is equivalent to the condition of
frequency locking:

o= fheart — 1 (16)
f m

resp

where f__ and f

resp heart

are instantaneous frequencies defined by (9). However in more complex cases

(e.g. in the presence of noise or in the case of chaotic oscillations) these conditions are not equivalent,
so that frequency locking may exist without phase locking or the opposite [7]. Thus one must check

both conditions (11) and (16) while searching for cardiorespiratory synchronization.
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The dynamics of two coupled phase oscillators can be conveniently visualized as a trajectory
on a torus (see e.g. [22]). In the case of frequency locking (16) all trajectories are closed orbits on the
torus and the motion is periodic. Such a torus is often called resonant or rational. Alteratively, when
the frequency ratio (16) is irrational, the trajectories cover whole torus (they never intersect and never
close) and the motion is quasi-periodic. This torus is referred to as ergodic or irrational.

Note that both indices of phase synchronization (14) and (15) are functions of n and m, so both
integers must be determined before using the indices. This can be done by finding the integers that
produce constant phase difference (11) or frequency ratio (16) or as the ratio of the main peak
frequencies in power spectra of heart rate and respiration. Also, both integers n and m must be
relatively small since any (even irrational) value of « (16) can be approximated (within any given

accuracy) using large enough integers (see e.g. [23] for the discussion).

Entropy

We used entropy measures in order to quantify the irregularity of both cardiac and respiratory
signals. Entropy measures are widely used for the analysis of physiological signals because they can be
applied to relatively short, noisy and non-stationary signals. Entropy also captures some non-linear
properties of a signal.

We used two estimators of the entropy, namely, approximate entropy (ApEn) [24] and sample
entropy (SampEn) [25]. Both estimators measure the repetition of patterns within a given signal. They
are related to the conditional probability that two sequences that are similar for m points remain similar
(within a tolerance r) at the next point, except that in the case of the sample entropy self-matches are
excluded. Because of this property, sample entropy is believed to be a better estimator [26,27].

We constructed a sequence of inter-beat intervals for each of two signals:

RRn — theart _t:eart and BBn — tresp _tresp’ (17)

n+1 n+1 n
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and then calculated two estimators of the entropy using the following formulas ([27]):

Im

N-m
ApEn(m,r,N)zN1 D In-! (18)

m+1
iz |

N-m
'm
2!

SampEn(m,r,N) =In=— (19)
Ii'm+l
;

where I™ and I™" are numbers of sub-sequences or “patterns” (of length m and m+1 points

respectively) that are close to each other (within a tolerance r), N is the number of inter-beat intervals.
I’ designates the number of sequences when self-matches are not counted. We used tolerance r=0.2 SD
(that is, 20% of the standard deviation of the data) and pattern length m=2 for both heart and

respiratory rates analysis.

Data Analysis Details
KubiosHRV ™ software [28] was used to extract heart rate intervals (RR intervals) from single-

lead 500 Hz ECG signals. We used MATLAB code from the Physionet website (www.physionet.org)

[29] for our calculations of the sample entropy. The rest of the signal analysis was done with custom
written code and standard functions of the MATLAB programming environment

(www.mathworks.com). Statistical analysis was also performed within MATLAB using paired t-test.

Results

Spectral Analysis
Heart rate
During mechanical ventilation (before and after the SBT) the power spectra of the respiratory

signal had the expected single very sharp peak at the constant frequency of mechanical ventilator. Due
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to RSA the power spectra of the heart rate also had a sharp peak (the so-called high frequency peak) at
the frequency of ventilator (Fig.3). During the period of spontaneous respiration (SBT) the peak on
respiration power spectra was smaller and much wider reflecting more natural respiration variability.
The high frequency peak on the heart rate power spectra followed the evolution of the respiratory peak
(and in some cases the high frequency peak almost [but never completely] disappeared during the
spontaneous respiration). Both peaks reappeared after the mechanical ventilation was reapplied. This

results shows that there is a strong modulation of the heart rate by respiration.

The linear coupling between respiration and heart rate signals were estimated using the mutual
coherence function (1). In Fig. 3, we present respiration and heart rate power spectra together with the
mutual coherence for one of the patients (P02), before, during and after the SBT. In order to quantify
the degree of linear coupling, we calculated the values of the cardio-respiratory coherence at the main
respiratory frequency (2) for all 13 patients before, during and after SBT. The results are presented on
Fig. 4 and in Table 2. We did not observe any statistically significant difference in the degree of linear
coupling during the SBT compared to the bracketing intervals of mechanical ventilation. The coupling
was relatively strong regardless of the regime of the respiration (mechanical/periodic vs.

spontaneous/variable).

Vascular rhythms

As previously noted, ventilation modulates vascular rhythms in two independent ways:
frequency modulation (due to RSA) and baseline modulation (due to pressure variation in the thoracic
cavity). Examples of these two types of modulation are shown on Fig.5 which are illustrated for two
patients, the first one (P02, the same as on Fig.3) with strong RSA (heart rate changes in phase with
respiration (CO,) signal) and the second one (P04) with rather weak RSA (heart rate has mostly low

frequency oscillations). Both patients however have baseline (local maxima and minima) modulation
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of all their vascular rhythms (arterial and central venous blood pressure and oxygen saturation). In fact,
the modulation of the vascular rhythms in the patient with weak RSA was even stronger. These
examples show that the ventilator can entrain the vascular rhythms even in the absence of RSA or any
cardio-respiratory synchronization. The modulation can be visualized using spectral analysis. The
spectrograms (time-frequency power spectra representations) of the respiration (CO,), heart rate,
arterial blood pressure, central venous pressure and oxygen saturation signals for the patient P04
during a 1h 50 min time interval are presented on Fig.6. The spectrograms demonstrate that all
cardiovascular rhythms are entrained and follow the rhythm of respiration. In particular, during
periodic mechanical ventilation all vascular rhythms lose their natural variability and also become
periodic. In each of the 13 patients, we observed that mechanical ventilation entrains both cardiac and
vascular rhythms in a way similar to the effect of paced respiration (see e.g. [30]). In this preliminary

study we did not attempt to further quantify the degree of vascular-respiratory modulation.

Phase and Frequency Synchronization

We found that the respiratory and cardiac frequencies and phases are more synchronized during
the mechanical ventilation compare to the spontaneous breathing. Thus the effect of almost periodic
mechanical ventilation on cardio-respiratory synchronization is similar to effect of paced respiration
(see e.g. [19]). In several cases we observed full synchronization (both phase and frequency locking)
with fixed locking indices n and m during the whole interval of the mechanical ventilation. An
example of such a full synchronization (patient P09) is presented in Fig.7. Initially (before the trial)
both phase and frequency locking exists with 1:5 locking indices. Note, that both respiratory and
cardiac instantaneous frequencies decrease, but their ratio « remains constant (Fig.8a) which indicates

perfect frequency locking. The synchrogram w, shows ten horizontal strips (equivalently, its

distribution has 10 peaks) which again corresponds to 1:5 (2:10) locking. Sudden interruption of
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mechanical ventilation causes full desynchronization (see also Fig.8b), which is restored by
reinstitution of mechanical ventilation. Note that the desynchronization occurs very quickly while the
resynchronization requires much longer time, since it takes time for the system to be entrained by the
external force (mechanical ventilator). After the mechanical ventilator was turned on again (at about
4520sec) initially very short windows of synchronization appeared (the first one is in between 4750 sec
and 5000 sec and the second one is around 5250 sec), eventually a long (5700-6500 sec) time interval
of phase and frequency 1:5 synchronization occurs (presented also in Fig.8b) and finally the dynamics

stabilizes in fully synchronized state with 1:4 locking for both phase and frequency.

Locking indices n and m (needed for the definition of the generalized phase differences ¢, |
(10) and for the calculation of synchronization indices p,, (14) and y, . (15)) can be determined

from the number of horizontal strips on the synchrogram v, , if such strips exist (see e.g. Fig.8a and
Fig.8c). In case when no phase or frequency synchronized is detectable (that is the synchrogram does
not have horizontal strips and frequency ratio is not constant) which was the typical situation for SBT
time intervals (see e.g. Fig.8b) they still can formally be calculated from the maxima of the distribution
of the frequencies ratio, « . In this case (see Fig.8b) calculation yields 1:8 coupling during the SBT.

Generalized phase differences ¢, together with their cyclic probability distribution (for the

same three time intervals as on Fig.8) are shown on Fig.9. Note that strong fluctuations (spikes) of

respiratory frequency f,. (due to spontaneous respiration of the patient) at about 20 sec. and 350 sec.

resp

(Fig. 8a) cause spikes in  and phase slips in the phase difference ¢, ; (Fig. 9, top). The time interval

after the SBT (Fig. 8c) contains even more spikes in f_. which leads to large number of phase slips

resp

(Fig. 9, bottom). These fluctuations however do not disrupt the synchronization in the statistical sense.
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It is instructive to compare phase difference trajectories during and after SBT (¢, and ¢,
respectively, see Fig.9). Although the fluctuations of ¢, and ¢, look similar, their cyclic
distributions (that are not sensitive to 2z phase slips) v, and y,; (Fig.9, right column) are distinctly

different allowing separation of unsynchronized (uniform distribution) and synchronized (distribution
with a sharp peak) regimes [20]. These distributions are used in calculation of the entropy-based

synchronization index p, ,, (15).

Another method for qualitative separation between synchronous and asynchronous phase
oscillations is presented on Fig.10. The figure shows the cardio-respiratory phase dynamics as
trajectory on a torus (top) and 2D distribution of respiratory and cardiac phases for the same three sub-
intervals (as on Figs. 8 and 9): before (a), during (b) and after (c) the SBT. During the mechanical
ventilation (before and after) the phases are distributed in the ordered way (1:5 linear dependence
between phases) which corresponds to the resonant tori with periodic orbits. During the spontaneous
respiration the phases are distributed uniformly (no dependence is detectably from the 2D histogram)

which corresponds to the ergodic torus (the trajectory covers whole torus).

Not all 13 patients demonstrated such perfect synchronization (both phase and frequency
locking) during periodic mechanical ventilation. As an example, a 45 min (2750 sec) time interval of

periodic ventilation (before the SBT) is presented on Fig.11 (patient P10). Respiratory frequency f

resp

remains constant and the cardiac frequency f and the frequency ratio « fluctuate in a narrow

heart
intervals (see the corresponding distributions). Yet, no phase synchronization is detectable from the
synchrogram (in particular its distribution is uniform). This result is similar to the result obtained by

[2] for the (mechanically ventilated) critically ill patient in coma. [2] showed that in this case both
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respiratory and cardiac frequencies are constant (resulting in constant frequency ratio) but no phase
synchronization is detectable. Based on this observation they concluded that the two systems are
uncoupled. Here, these two systems cannot be considered to be “uncoupled” since (for example) strong

mutual coherence exists between the respiratory and heart rate signals (see Table 2).

In this case, the locking indices m and n can still be formally determined from the frequency
ratio distribution (in the same way as for the SBT time intervals). It has a relatively sharp maximum at
a ~ 7.75 which gives n:m=31:4 locking (15). Note that even such a formal introduction of the locking
indices (without any detectable phase synchronization) leads to higher values of phase synchronization
indices (both p, , and y, ) for the periodic ventilation compare to the spontaneous breathing (see
Table 2 for the results for the patient P10). It means that some (even visually undetectable) coupling
between phases still exists and thus different indices are needed for the synchronization assessment.

Mutual information could be a good candidate, since locking indices n and m are not required for its

calculation [31].

The values of two indices of phase synchronization: y, . (14) and p, ,, (15) for all 13 patients

before, during and after the SBT are given on Table 2 and Fig.12. There is a statistically significant
difference between synchronization indices during spontaneous respiration compare to the mechanical
ventilation. We also found high correlation (correlation coefficient R=0.9-0.96, p<10™) between the

two phase synchronization indices (y,, and p, ) for all 3 time intervals (before, during and after

SBT).

Finally, we are unaware of any measure (or index) of the degree of instantaneous frequency

synchronization and thus it was not quantified in this paper. Without such a metric, it could be possible
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to fail to detect cardiorespiratory synchronization because (as we mentioned earlier, see Fig.11) such
synchronization could exist even in the absence of phase locking. Regimes of cardiorespiratory

dynamics with frequency locking but without phase locking have been found in [32].

Entropy

The results of the entropy analysis of heart and respiration rates are presented on Table 3 and
Figs.13 and 14. As expected, we found that the respiration rate entropies (both ApEn and SampEn)
increase during the SBT since the spontaneous respiration is more irregular then almost periodic
respiration driven by mechanical ventilator. However, we did not find any statistically significant
change in both ApEn and SampEn of the heart rate during the SBT compare to periods of mechanical
ventilation. Moreover, within each of the three time intervals studied (before, during and after the
SBT) we found no linear correlation between the entropy (that is, irregularity) of respiration rate and
entropy of heart rate (Fig. 14), except maybe in case of sample entropies of respiration and heart rates

before the SBT (p=0.0725). We did not estimate any nonlinear correlation coefficient.

Based on the coupled oscillator hypothesis, we would expect that the entropy of heart rate
should increase as the entropy of the respiration rate increases (because of almost unidirectional
coupling between the lung and the heart [33], see however [9]). We cannot however conclude that two
systems are uncoupled because of strong modulation of the hart rate by respiration (RSA, see Table 2).
Also the interactions between the two systems are somewhat different during spontaneous and
mechanical ventilation, since in the latter case the systems are more synchronized in terms of their
phase dynamics (Table 2). Since the entropy is a way of measuring nonlinear properties of the signal,
our results are consistent with the previous finding of [34] that the nonlinearity of respiration is not the

origin of nonlinearities in heart rate. [34] compared other measures of heart rate nonlinearity
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(correlation dimension and nonlinear predictability) during spontaneous and paced respiration in

healthy subjects and did not find any difference between these two regimes.

We found high correlation (correlation coefficient R=0.96-0.98, p<10™) between the two

entropy estimators for all 3 time intervals (before, during and after SBT).

Discussion

This initial study has several important limitations. First, it is an observational study of a
convenience sample in which the SBT was the only consistent perturbation. Second, the initial study
population is deliberately inhomogeneous with respect to age, gender, ethnicity and indication for ICU
admission. Third, this initial study group is very small (13 patients) owing to the number and
complexity of the analyses. Although the study shows complex interactions between the respiratory
and cardiovascular systems, neither heritable (genetic) contributions, nor the contributions of chronic
illness, nor the contributions of the illness that precipitated ICU admission, nor the contributions of any
other drug treatment or therapy can be identified in this initial study. Despite these limitations, the
study provides insight not only into the complexity of the interactions but also into the profound effects

of mechanical ventilatory support beyond the lungs.

The data suggest that mechanical ventilation has substantial effects on at least one other organ
system. These findings may be important in planning clinical strategies both to support the critically ill
patient as well as to liberate critically ill patients from those supports, since the data imply that
manipulation of ventilatory supports may propagate unanticipated and typically nonlinear effects to

other organ systems.
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We observed that mechanical ventilation entrains cardiovascular rhythms and increase cardio-
respiratory synchronization. The resultant imposed dynamics of this multi-organ system is very
different from the spontaneous dynamics of the healthy organism. Studies of cardio-respiratory
synchronization in healthy young athletes [6] demonstrated that “normal” synchronization lies between
total “order” (full synchronization) and total “disorder” (no synchronization): the system slowly
switches between regimes with different synchronization indices (n and m) through the periods of no
synchronization. In most patients in this preliminary study, we found two extreme regimes: no
synchronization during spontaneous respiration and full synchronization (“over-synchronization”)
during mechanical ventilation. Possible effects of such prolonged over-synchronization on the
functions of cardio-vascular-respiratory system are unknown. However, pathologic states have been
attributed to oversynchronization within organs including the heart (reentrant arrhythmias) and brain

(epilepsy can be defined as an abnormal synchronization in the brain [14]).

Recently several studies, both theoretical [35,36] and experimental [37-39] have concluded that
the noisy (or fractal) ventilation improves lung function in critical illness. The results of our study
suggest that, due to coupling, biologically variable mechanical ventilation also may promote natural
variability in other organ dynamics (e.g. in heart rate) and in organ-organ interactions (e.g. variable
cardio-respiratory synchronization). This artificial “injection” of the variability may be beneficial for
the critically ill patients since the decreased variability is usually associated with pathological states
such as disease, including multiple organ dysfunction syndrome (MODS)[1,40,41] and aging [42].

In this preliminary study we assessed the influence of mechanical ventilation of the lungs on
the heart rate during clinical critical care: the modulation was assessed by coherence, the
synchronization by phase dynamics, and irregularity by entropy. By comparing the results obtained
using these methods we conclude that phase synchronization indices are the most sensitive measures

cardio-respiratory interactions and they are most useful for discrimination between different regimes of
21



cardio-respiratory dynamics (synchronization). We also found that, in critically ill patients, irregularity
in respiration rate is not a (main) source of irregularity in heart rate. Finally, we conclude that new
measures and displays of synchronization in the ICU could be useful to quantitatively assess

interactions between organ systems.

Supplementary Material

A movie file (13.4 MB) with the animation of the top part of the Fig. 10 is available at the
following URL: www.burykin.com/torus.avi. It visualizes the dynamics of cardiac and respiratory
phases as a trajectory on a torus during 2 hours time interval which includes both mechanical and

spontaneous respiration as well as transitions between these two regimes.
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Figure Legends.

1. Schematic representation of the air pressure P(t) created by the mechanical ventilator, as a function
of time during the time interval used in the study. The time interval consists of approximately 30
minute period of spontaneous respiration (indicated as “SBT” on the figure) preceded and followed by
two 30 minute periods of respiration driven by mechanical ventilator (indicated as “BEFORE” and
“AFTER”, respectively). During the SBT the ventilator provides small constant positive pressure.
Before and after the SBT the ventilator creates positive pressure waves with a given constant period
(they are drawn by solid rectangular pulses along the time axis). It also supports spontaneous breathing
if the patient initiates a breath (drawn as dashed rectangular pulses). For this initial study we selected
only patients with no or very small spontaneous respiration rate. The gray arrows with “off (on)” labels

indicate time moments when the periodic force is withdrawn (reapplied).

2. lllustration of the phase definition method using Eq.7 and Eq.8 for respiratory (top) and cardiac

(bottom) signals. Horizontal dashed lines indicate the chosen threshold levels.

3. Power spectral densities (calculated by Welch averaging method) of the respiratory (CO,) (1% row)
and heart rate (HR) (2" row) signals and cardio-respiratory coherence (3 row) of the patient P02 for

three 1000 sec. time intervals: before (1% column), during (2" column) and after (3" column) SBT.
4. Values of the cardio-respiratory coherence at the main respiratory frequency (Eg.2) for 13 patients

for three 1000 sec. time intervals: before, during and after SBT (p values were determined using paired

t-tests). See also Table 2.
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5. Respiratory (CO,), heart rate (HR), arterial blood pressure (ABP), central venous pressure (CVP)
and oxygen saturation (SaO,) signals for the patients P02 (left panel) and P04 (right panel) during 7
respiratory cycles intervals (periodic mechanical ventilation regime). In the case of patient P02 both
frequency and baseline modulation of the vascular signals are present. Patient P04 has very weak RSA
(and thus no frequency modulation of the vascular rhythms by respiration). However even in the
absence of RSA there is a baseline modulation of the vascular oscillations by respiration (by the

ventilator) which is even stronger than in the case of patient PO4.

6. Spectrograms of respiratory (CO,), heart rate (HR), arterial blood pressure (ABP), central venous
pressure (CVP) and oxygen saturation (Sa0,) signals for the patient PO4 during 1h50min time interval

(before, during and after the SBT). Arrows on the time axis indicate the beginning and the end of SBT.

7. Instantaneous respiration (a) and heart (b) frequencies (Eg.9), their ratio « (EQ.16) (c) and phase
synchrogram v, (Eq.12) (d) for the 2 hour time interval (before, during and after the SBT) for the

patient P09. Arrows on the time axis (at the bottom) indicate the beginning and the end of SBT.

8. Three sub-intervals from the Fig.7: before (a), during (b) and after (c) the SBT. The right-hand

column shows the corresponding distributions.

9. Generalized phase difference ¢, (Eq.10) and its cyclic distribution v, (Eq.13) for the same three

sub-intervals as on Fig.7: before (a), during (b) and after (c) the SBT. Locking indices n and m were

determined from the number of horizontal strips on the synchrogram v, (cases (a) and (c)) or from the

maxima of the distribution of the frequencies ratio « (case (b)) (see Fig.8).
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10. Representation of the cardio-respiratory phase dynamics as trajectory on a torus (top) and 2D
distribution of respiratory and cardiac phases (bottom) for the same three sub-intervals as on Figs.8 and

9: before (a), during (b) and after (c) the SBT.

11. Instantaneous respiration (a) and heart (b) frequencies (Eq.9), their ratio (¢) « (EQq.16) and phase
synchrogram (d) w, (EQq.12) for the 45 min (2750 sec) time interval of mechanical ventilation (before

SBT) for the patient P10. The left-hand column shows the corresponding distributions.

12. Two indices of cardio-respiratory phase synchronization: y, . (Eq.14) and p,, (Eq.15) for 13

patients before, during and after SBT (p values were determined using paired t-tests). See also Table 2.
13. Approximate and sample entropies of heart rate and respiration rate (HR and RR, upper and lower
parts, respectively) for 13 patients before, during and after SBT (p values were determined using

paired t-tests). See also Table 3.

14. Scatter plots and coefficients of cross-correlation between approximate and sample entropies of

heart rate (HR) and respiration rate (RR) for 13 patients before, during and after SBT.
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Table 1. Demographics summary for the patients included in the study

Patient Age Gender
P01 36 Male
P02 61 Male
P03 52 Male
P04 45 Female
P05 17 Female
P06 69 Male
P07 71 Female
P08 23 Male
P09 52 Female
P10 34 Female
P11 32 Female
P12 80 Male
P13 27 Male
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Table 2. Locking indices n:m (Eq.9), mutual coherence C, , (Eq.2) and two indices of phase synchronization y, . (Eg.14) and p, . (Eq.15)

before, during and after SBT.

Patient n:m C.., Pom Yom

BEFORE | SBT | AFTER | BEFORE | SBT AFTER BEFORE SBT | AFTER | BEFORE SBT AFTER

P01 17 1:4 17 0.97 0.86 0.96 0.024 0.0018 | 0.0241 0.2375 0.0574 0.2247
P02 15 2:15 15 0.99 0.83 0.99 0.0027 7.82¢-04 | 0.0102 0.0515 0.0093 0.1646
P03 15 2:9 4:21 0.75 1 0.82 0.0348 0.0053 | 0.0039 0.1337 0.1156 0.0855
P04 16 19 17 0.9 0.22 0.93 0.0057 7.21e-04 | 0.0032 0.1186 0.036 0.051
P05 4:23 1:11 17 0.95 0.75 0.98 0.0051 0.0016 | 0.0316 0.0581 0.026 0.3223
P06 4:25 2:13 3119 0.95 0.85 0.98 0.0033 6.83e-04 | 0.0058 0.0139 0.0232 0.0949
P07 2:15 1:9 2:17 0.83 0.64 0.64 0.0074 8.14e-04 | 0.0035 0.1085 0.0505 0.0611
P08 1:4 2.7 1:4 0.28 0.95 0.97 0.3961 6.28e-04 | 0.1219 0.9572 0.0267 0.6231
P09 15 18 15 1 0.96 0.97 0.2771 0.0013 | 0.0716 0.9073 0.0367 0.5198
P10 4:31 2:9 1:8 0.96 0.9 0.88 0.0062 4.04e-04 | 0.0627 0.1081 0.0221 0.4212
P11 1:9 1:6 1:9 0.9 0.94 0.84 0.0099 6.36e-04 | 0.0062 0.0572 0.0277 0.1524
P12 1:4 2:9 | nodata 0.78 0.65 no data 0.411 7.61e-04 | nodata | 09762 0.0328 no data
P13 15 1:3 1:3 0.81 0.68 0.98 0.0359 8.59E-04 | 0.0404 0.3925 0.0405 0.4311
mean 08515 | 0.7869 | 0.9117 0.0938 00013 | 0.0321 0.3169 0.0388 0.2626

SD 01830 | 0.2007 | 0.0991 0.1498 00012 | 0.0353 0.3575 0.0252 0.1874
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Table 3. Approximate (ApEn) and sample (SampEn) entropies for heart rate (HR) and respiration rate (RR) before, during and after SBT.

Patient HR RR
ApEn SampEn ApEN SampEn
BEFORE | SBT | AFTER | BEFORE |SBT | AFTER | BEFORE | SBT | AFTER | BEFORE | SBT AFTER
POL 06554 | 07853 | 07022 | 03918 | 05247 | 04294 10531 | 13189 | 12825| 07334| 09154 | 0.9039
P02 11261 | 18049 | 1822| 08417 | 14966 | 14733 03893 | 18703 | 05509 | 01907 | 1.9795| 0.2989
P03 18202 | 21949 | 0.3912 14817 | 21255 0.298 12749 | 18143 | 05155| 12553 | 1.9036 | 0.6554
P04 15084 | 1002 | 12051| 12331 | o07842| 09777 19917 | 17546 | 03511 | 21132 | 20543 | 01307
P05 18002 | 04676 | 06986 | 15185 | 02773 | 04364 19221 | 18859 | 09704 | 19009 | 1.9401 | 0.6603
P06 17193 | 19214 | 16496 | 12487 | 15911 1.1616 10598 | 19503 | 04795 | 10704 | 22008 | 0.1929
PO7 149 | 0926| 09583| 10216 | 05836 | 06367 02271 | 19023 | 0.5296 0053 | 18563 | 0.1479
P08 13201 | 03913 | 0.3332 10617 | 02282 |  0.1957 1.2589 1695 | 11201 10398 | 14876 | 0.4648
P09 16822 | 18081 | 1174 16462 | 1432| 09715 07511 | 17848 | 10226| 06166 | 17384 | 06126
P10 18007 | 13758 | 15339 | 14552 | 10119 1.0065 16918 | 18375 | 11704 | 17723 | 1722 | 0.8648
Pl 0.7244 | 1.2803 | 16265 0.4406 | 0.9652 1.212 13445 | 19704 | 1.3032 06782 | 18377 | 08842
P12 1976 | 10559 | " data 1728 | o927 | MOdaa 1.7175 1939 | Nodata 15886 | 1.9908 | M°da@
P13 14912 | 11266 | 1.9293 10724 | 08609 | 16645 1433 | 12078 | 2.0561 12705 | 0725 | 20025
mean | 14772 | 12485 | 11687 | 11647 | 0.9679 | 08719 12396 | 17639 | 00467 | 10987 | 17263 | 0.6516
SD 04051 | 05355 | 05296 | 04054 | 05344 | 04524 05239 | 02277 | 04699 | 06130 | 04282 | 04903
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